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SUMMARY 

It i s  demonstrated by a motion and aerodynamic heating analysis  of 
various types of l i f t i n g  and nonl i f t ing s a t e l l i t e  e n t r i e s  t h a t  t h e  
heating-rate h i s t o r i e s  may be represented approximately by one curve i f  
they a r e  properly made dimensionless. Attention i s  then focused on a 
study of the  simulation of c r i t i c a l  t h e r m a l  e f f e c t s  on s a t e l l i t e  vehicles  
with p a r t i c u l a r  a t ten t ion  t o  t h e  use of small-scale models. The general-  
ized heating-rate h i s t o r y  shows t h a t  simulation of heating e f f e c t s  i n  
l i f t i n g  and nonl i f t ing  s a t e l l i t e s  can be accomplished with properly 
designed small-scale b a l l i s t i c  models. It i s  a l so  shown t h a t  an atmosphere- 
entry simulator designed pr imari ly  f o r  t h e  t e s t i n g  of b a l l i s t i c  vehicles  
may be used t o  advantage f o r  t h e  simulation of e f f e c t s  i n  l i f t i n g  and 
nonl i f t ing  s a t e l l i t e s .  S imi la r i ty  re la t ions  a re  derived and an appl icat ion 
of these r e l a t i o n s  i s  made t o  t h e  simulation of heating e f f e c t s  on a 
l i f t i n g  s a t e l l i t e  vehicle .  

A study i s  a l so  presented of t h e  p o s s i b i l i t y  of f i r i n g  a model 
upstream i n  an atmosphere-entry simulator with a high stream v e l o c i t y  t o  
obtain t h e  high stagnation enthalpies of en t ry  from highly e l l i p t i c ,  
parabolic,  and hyperbolic t r a j e c t o r i e s .  

INTRODUCTION 

The aerodynamic heating experienced by recoverable space and s a t e l l i t e  
vehicles  during an atmosphere e n t r y  poses an important problem t o  t h e  
designer. Since f u l l - s c a l e  t e s t s  of these vehicles  a e  c o s t l y  and time- 
consuming, it i s  proper t o  determine whether simulation of t h e  heating 
e f f e c t s  i s  possible  with properly designed small-scale models flown along 
appropriate t r a j e c t o r i e s .  There i s  also t h e  a t t r a c t i v e  p o s s i b i l i t y  of 
using r e l a t i v e l y  simple equipment on the ground, such as an atmosphere- 
e n t r y  simulator or ig ina l ly  designed f o r  b a l l i s t i c  missiles (see  ref .  l), 
f o r  t h e  simulation of these e f f e c t s  i n  recoverable s a t e l l i t e  and space 
vehicles .  

Simulation i s  usual ly  accomplished by a proper scal ing of t h e  
heating-rate h i s t o r y  and a consistent scal ing of t h e  p a r t i c u l a r  c r i t i c a l  
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quant i ty  (as f o r  example, thermal stress) t o  be simulated. With t h i s  
f a c t  i n  mind, t h i s  paper undertakes f i r s t  t o  e s t a b l i s h  t h e  motion and 
heating of vehicles  of t h i s  type, and then t o  e s t a b l i s h  r e l a t i o n s  of 
s imi la r i ty  f o r  t h e  various e f f e c t s  of t h i s  heating. 

ANAIYSIS 

Motion 

I n  the consideration of t h e  heating experienced by a vehicle  enter ing 
t h e  e a r t h ' s  atmosphere, it i s  f i rs t  necessary t o  determine t h e  operating 
conditions t h a t  it w i l l  experience. 
vehic le ' s  motion through t h e  atmosphere and it i s  therefore  necessary 
f i r s t  t o  make an analysis  of t h i s  motion. The reader i s  d i rec ted  t o  t h e  
numerous analyses of t h i s  type, such as references 2, 3, 4, and 5 .  For 
t h e  purposes of t h i s  paper an analysis  such as found i n  reference 2 will 
be used. 

These conditions a r e  d ic ta ted  by t h e  

For t h e  purposes of fu ture  ident i f ica t ion ,  t h e  t h r e e  c lasses  of' 
vehicles considered i n  t h i s  report  w i l l  be i d e n t i f i e d  as follows: 

1. Lif t ing  s a t e l l i t e s :  Vehicles capable of using some l i f t  
Entry i s  i n i t i a t e d  during e n t r y  from a sa te l l i t e  o r b i t .  

a t  s a t e l l i t e  speed and at a very s m a l l  angle t o  t h e  
horizontal .  

2. Nonlift ing s a t e l l i t e s :  Nonlift ing vehicles  which i n i t i a t e  
en t ry  at s a t e l l i t e  speed and at a very s m a l l  angle t o  t h e  
horizontal  . 

. 

3. B a l l i s t i c  vehicles:  Nonlift ing configurations which 
ini t ia te  en t ry  at somewhat lower than s a t e l l i t e  speed and 
at  a la rge  or moderate angle t o  t h e  horizontal  ( i . e . ,  
en t ry  at angles of approximately 20° or  more). 

I n  general, a vehicle  during 
e n t r y  i s  subjected t o  aerodynamic, 
cen t r i fuga l ,  and g r a v i t a t i o n a l  forces  

rnv2 as shown i n  sketch ( a ) .  The parametric 
equations of motion along and normal 
t o  t h e  f l i g h t  path can be wr i t ten  as: 

'C 

4 t  

( 1) av mg s i n  0 - D  = m - d t  

(2) 
V2 

Sketch (a)  r C  
rng C O S  0 - L  = m - 

A 
3 
2 
3 
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where rc i s  t h e  l o c a l  radius  of curvature of t h e  f l i g h t  path and 0 
i s  the  angle of t he  f l i g h t  path t o  the l o c a l  horizontal ,  measured pos i t i ve  
downward. A l l  symbols are defined i n  appendix A. 

W e  now focus our a t t en t ion  on the two types of en t ry  t r a j e c t o r i e s  
which w i l l  be of i n t e r e s t  t o  us,  namely, (1) t h e  s a t e l l i t e  en t ry  ( l i f t i n g  
and non l i f t i ng )  and (2)  t h e  b a l l i s t i c  entry.  The s a t e l l i t e  en t ry  i s  
character ized by en t ry  at satel l i te  speed at a small inc l ina t ion  such 
t h a t  l e  I << 1 
and t h e  b a l l i s t i c  en t ry  i s  characterized by en t ry  at la rge  angles with a 
r e s u l t a n t  s m a l l  f l i g h t  -path curvature or an e s s e n t i a l l y  s t r a i g h t - l i n e  
t r a j e c t o r y  (see r e f .  3) .  

throughout t he  t r a j ec to ry  except i n  t h e  terminal  phase, 

Eggers ( ref .  2) has shown t h a t  for sa te l l i t e  en t ry  (18 I << 1, 
I mg0 I << D) i n t o  an isothermal atmosphere ( i . e . ,  p = poe 
and (2 )  can be combined, f o r  t h e  case of constant 
following s ing le  d i f f e r e n t i a l  equation of motion: 

equations (1) 
CD and L/D, i n t o  t h e  

d"f f - +  W + ( l - e - ' )  = o 
dz2 

where 

v2 V2 z =  Zn-= 2n- 
'sat 

2 gro 

It can be seen t h a t  f and z a re  transformed a l t i t u d e  and ve loc i ty  
coordinates and t h a t  K i s  an L/D pa rame te r .  

( 3 )  

( 5 )  

I n  t h e  large-angle b a l l i s t i c  t ra jec tory ,  forces  normal t o  t h e  f l i g h t  
path p lay  a very s m a l l  p a r t  i n  the  determination of t h e  motion of t h e  
enter ing vehicle .  The f l i g h t  path becomes e s s e n t i a l l y  a s t r a i g h t  l i n e .  
The t r a j e c t o r y  can then be represented by t h e  s ing le  equation of motion 
along t h e  f l i g h t  path, again neglecting t h e  component of weight along t h e  
f l i g h t  path i n  comparison t o  t h e  drag. 
dy/dt = -V s i n  BE, and if t h e  isothermal atmosphere i s  assumed, 

If it i s  noted t h a t  
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equation (1) yie lds  : 

(7) 

where BE i s  the  entrance angle, constant throughout entry.  Use of t h e  
coordinate transforms defined by equations (4 )  m d  ( 5 )  y ie lds  t h e  following 
d i f f e r e n t i a l  equation of motion f o r  a large-angle b a l l i s t i c  entry:  

- 

_ -  df - -a s i n  @E 
dz 

1 

Heating 

Before we consider t h e  so lu t ion  of t h e  d i f f e r e n t i a l  equations of 
motion, l e t  us f i r s t  consider some general  aspects  of t h e  aerodynamic 
heating of vehicles  of t h i s  type.  

The stagnation-point heating rate under t h e  conditions of laminar 
incompressible flow with a Prandt l  number of un i ty  i s  given by ( see  
r e f s .  3 and 6) 

* 

where C i s  constant and u i s  t h e  stagnation-point radius  of curvature.  
Rewriting equation (9)  i n  t h e  f and z coordinates y ie lds  ( f o r  an 
i s  o t  hemal  atmosphere) 

where 
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Differen t ia t ing  equation (10) t o  determine t h e  m a x i m u m  stagnation-point 
heating r a t e  and t h e  f and z coordinates of t h e  t r a j e c t o r y  point  where 
t h i s  heat ing rate occurs yields:  

(9$+3f. = 0 

where t h e  a s t e r i s k  refers t o  t h e  t r a j e c t o r y  point corresponding t o  t h e  
m a x i m u m  stagnation-point heating r a t e .  

For the purpose of simulation of thermal e f f e c t s  on the en ter ing  
vehicle ,  it i s  necessasy t o  consider the  time h i s to ry  of t h e  heating 
r a t e s  and t h e  in tegra ted  heat input t o  t h e  s t ruc ture .  The t r a j e c t o r y  can 
be determined chronological?y with respect t o  t he  a l t i t u d e  and ve loc i ty  
coordinates f o r  both s a t e l l i t e  and b a l l i s t i c  e n t r i e s  from equation (1) , 
wri t ten  i n  t h e  form 

_ -  dV _ - -  ‘DP$I V 2 e - P ~  
d t  2 m  

or wri t ten  i n  t h e  f-z coordinates as: 

If t i m e  i s  measured from t h e  i n s t a n t  of maximum stagnation-point heat ing 
rate ( i . e . ,  t = 0 at z = z*), w e  obtain: 

Using equations (lo), (11) , and (14) we may now present t h e  heating- 
r a t e  h i s to ry  parametr ical ly  i n  t e r m s  of t h e  ve loc i ty  coordinate z i n  
t h e  following dimensionless form: 



6 

I 

I - 
% 

e 

0 

P * where time i s  made dimensionless i n  
such a way t h a t  t = -1 when qs 
assumes t h e  value l / e  on t h e  high 
ve loc i ty  s ide  of t h e  heating pulse .  
The choice of t h i s  value i s  somewhat 
a r b i t r a r y .  For c l a r i t y ,  t h e  scheme 
f o r  making t h e  heat ing-rate  h i s to ry  
dimensionless i s  shown i n  sketch ( b ) .  

determined from t h e  d i f f e r e n t i a l  
equatioa of motion, and t h e  s t a r r e d  
conditions a re  determined from t h e  
motion equation together  with 

- 
z 

t =-to The t r a j e c t o r y  funct ion f = f ( z )  i s  

0 
t 
- - I  

Sketch (b )  equation (11) . 
Note t h a t  t h e  advantage of defining t h e  heat ing-rate  h i s to ry  i n  t h i s  

way i s  t h a t  two poin ts  - of t h e  h i s to ry  are t h e  same f o r  a l l  t r a j e c t o r i e s  
(i.e.,  qs = l / e  at t = -1 and qS = 1 at t = 0 ) .  

This analysis  has been f o r  laminar f l o w  i n  t h e  stagnation region of 
t h e  nose. A n  analysis  f o r  t h e  aerodynamic heating experienced by other  . 
poin ts  on t h e  body, under t h e  condition of turbulent  flow, can be made 
i n  a similar manner s t a r t i n g  from equation (B7), derived i n  appendix B, 
ins tead of equation ( 9 ) .  

T r a  j ec t o r y  

The so lu t ion  of t h e  equation of motion f o r  s a t e l l i t e  e n t r i e s  i s  
complicated by t h e  nonl inear i ty  of equation ( 3 ) .  As  a f i rs t  approximation 
l e t  us consider e q u i l i b r i m  g l id ing  f l i g h t  i n  which t h e  l i f t  plus  c e n t r i f -  
uga l  force balances t h e  weight. Under these  conditions equation (3)  
reduces t o  t h e  algebraic  equation r e l a t i n g  f l i g h t  a l t i t u d e  t o  f l i g h t  
veloci ty ,  

e-z - 1 
K 

f =  (17) f 

U 

Equation (17) i s  a very t r a c t a b l e  equation and i t s  appl icat ion t o  
t h e  study of t h e  gross motions of l i f t i n g  s a t e l l i t e s  i s  shown i n  f igu re  1. 
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Here equilibrium g l ide  i s  shown i n  comparison t o  a high-speed d i g i t a l  
machine computation of equation (3)  f o r  an example L/D of 0.5. Note 
t h a t  t h e  numerical so lu t ion  t o  equation (3) skips  around t h e  equilibrium- 
g l ide  t r a j ec to ry ,  but as far as t h e  gross motion of t h e  vehic le  i s  con- 
cerned, t h e  equilibrium-glide t r a j ec to ry  i s  adequate f o r  t h e  purposes of 
t h i s  paper. 

d 

.I Under t h e  nonl i f t ing  condition ( i . e . ,  K = 0) ,  equation (3) becomes 

Eggers ( r e f .  2) has shown t h a t  a s u f f i c i e n t l y  accurate so lu t ion  f o r  t h i s  
case i s  t h e  following: 

where 

and should be of t h e  order of 1 or l e s s .  
condition m e a n s  0~ 

For t h e  planet  Earth, t h i s  
must be of t h e  order of 2' or more. 

The so lu t ion  of t h e  equation of motion f o r  large-angle b a l l i s t i c  
e n t r i e s  is  comparatively simple. Under t h e  boundary condition t h a t  at 
f = o (i.e., y -, m), z = zE, equation (8) in t eg ra t e s  t o  give 

f = -& s i n B E ( z E - z )  ( 1 9 )  

W e  have thus determined t r a j ec to ry  r e l a t ionsh ips  f o r  each of t h e  
three types of atmosphere e n t r l e s  under consideration. 

& 

Heating History 
4 

W e  axe now i n  a pos i t ion  t o  determine t h e  operating conditions f o r  
these  t r a j e c t o r i e s .  For t h e  case of the equilibrium-glide t r a j e c t o r y  t h e  
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dimensionless heating-rate h i s to ry  can be determined from equations (11) , 
0 5 ) ,  W), and (17), 

1 - gs = 2.598e ( 3 / 2 ) Z  (e-" - 111'* 

where 

(to),, = - 2.950 ( l i f t i n g  s a t e l l i t e  time constant)  ( 2 0 4  & 

The maximum heating r a t e  f o r  t h i s  case i s  determined f rom equations (lo), 
(11) , and (17) as t h e  following: 

where 

2 z* = ln - 
3 

I n  a similar way, t h e  heat ing-rate  h i s to ry  may be determined for 
t h e  nonl i f t ing s a t e l l i t e  t r a j e c t o r y  from equations (11) , 
(18). 
and (18). As  a31 example k w i l l  be assumed as u n i t y  ( see  eq. (18)).  
For t h i s  case, t h e  heat ing-rate  h i s to ry  and maximum heating r a t e  are :  

(l?), (16), and 
(ll), The maximum heating r a t e  i s  determined from equations (lo), 
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where 

( 22a) (non l i f t i ng  s a t e l l i t e  t i m e  constant)  3 .e10 
( to)ns  = - dz 

and 

where 

The large-angle b a l l i s t i c  heating-rate h i s t o r y  and maximum heating 
rate are determined i n  a similar way using equation (19) f o r  t h e  t r a j e c t o r y  
function. The r e s u l t s  a r e  as follows: 

where 
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( b a l l i s t i c  time constant)  3.116 
( t ~ ) b  = PVEsin 

and 

where 

The heat ing-rate  h i s t o r i e s  f o r  these  th ree  cases a re  shown i n  
f i g u r e  2. Notice a l l  t he  curves are forced through t h e  two matching 
poin ts  (A) and ( B ) ,  and when they are  p l o t t e d  i n  t h i s  form, a l l  have 
e s s e n t i a l l y  t h e  same heating h i s to ry  up t o  and s l i g h t l y  beyond t h e  m a x i m u m  
heat ing point .  Therefore an approximate generalized heating h i s to ry  f o r  
these  three t r a j e c t o r i e s  can be represented by any one of equations (20), 
(22) ,  or (24 ) .  n 

Atmosphere Entry Simulator 

The preceding i s  an ana lys i s  of t h e  motion and heating of s a t e l l i t e  
and b a l l i s t i c  e n t r i e s  i n t o  t h e  e a r t h ' s  atmosphere. I n  reference 1, it 
i s  shown t h a t  a b a l l i s t i c  en t ry  can be simulated on t h e  ground i n  a device 
ca l l ed  a n  atmosphere-entry simulator.  Later i n  t h i s  paper, t he  p o s s i b i l i t y  
of using t h e  atmosphere-entry simulator t o  simulate not only b a l l i s t i c  
e n t r i e s ,  but l i f t i n g  and non l i f t i ng  s a t e l l i t e  e n t r i e s ,  parabolic e n t r i e s ,  
and hyperbolic e n t r i e s  w i l l  be considered. 

The atmosphere-entry simulator i s  described i n  d e t a i l  i n  reference 1. 
It consis ts  of a contoured supersonic nozzle which gives an exponential  
densi ty  d i s t r ibu t ion  (i .e. ,  p = poe-py) i n t o  which a model i s  f i r e d  
upstream. The model i s  a b a l l i s t i c  configuration and f l i e s  down t h e  center  

i n  comparison t o  t he  model f l i g h t  speed. 
given by : 

l i n e  of t h e  nozzle. The air-stream ve loc i ty  i s  assumed t o  be negl ig ib le  f 
The equation of motion i s  then 

I 
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This d i f f e r e n t i a l  equation i s  t h e  same as equation (7) with 
The values of P and y w i l l  be grossly d i f f e r e n t  from those t h a t  exist 
i n  t h e  e a r t h ' s  atmosphere, but a t  simulated t r a j e c t o r y  points,  t h e  
product Py w i l l  be t h e  same f o r  model and f u l l - s c a l e  vehicle .  This 
allows simulation of b a l l i s t i c  en t r ies  f o r  a f i x e d  a l t i t u d e  range and a 
wide range of entrance angles. 

s i n  8E = 1. 

The heating-rate h i s t o r y  equations (24) derived f o r  t h e  b a l l i s t i c  
e n t r y  w i l l  now a l s o  hold for t h e  simulator model with t h e  exception t h a t  
P s i n  @E i s  d i f fe ren t .  

When t h e  simulation of an atmosphere e n t r y  is  considered from a 
parabolic or hyperbolic t r a j e c t o r y  (VE 2 36,000 f t / s e c ) ,  it i s  found t h a t  
i n  order t o  duplicate t h e  entrance veloci ty  (hence enthalpy) i n  an 
atmosphere-entry simulator, it i s  convenient t o  use a high-stream v e l o c i t y  
i n  conjunction with a high launching v e l o c i t y  of t h e  model t o  give a 
r e l a t i v e  ve loc i ty  of t h e  required magnitude. 
and heating of a model i n  t h i s  type of simulator i s  given i n  appendix C. 

A n  analysis  of t h e  motion 

SIMULATION 

W e  have now determined t h e  operating conditions experienced by 
vehicles  or models enteFing t h e  e a r t h ' s  atmosphere along d i f f e r e n t  tra- 
j e c t o r i e s .  We have a l so  examined the conditions t h a t  a model f i r e d  i n  
an atmosphere-entry simulator will experience. 
proceed t o  examine these  conditions t o  e s t a b l i s h  whether simulation of 
heating e f f e c t s  i s  possible  by tes t ing  small-scale models. 

I n  t h i s  sect ion,  we s h a l l  

Before we look i n t o  t h e  problem of t h e  simulation of heating e f f e c t s  
on vehicles  entering t h e  e a r t h ' s  atmosphere, l e t  us  f i r s t  consider some 
of t h e  types of heat shielding designs and t h e  possible  c r i t i c a l  design 
considerat ions of each . 

There are pr imari ly  t h r e e  types of heat shielding designs now being 
considered: (1) t h e  heat-sink design, (2 )  t h e  radiat ion-shield design, 
and (3) t h e  ablation-cooled design. 
may be desirable  i n  c e r t a i n  cases, t h i s  paper w i l l  be concerned with t h e  
simulation of heating e f f e c t s  f o r  the three separate types only. 

Although combinations of these  types 

When simulation i s  considered, the obvious question i s  what parameter 
should be simulated. 
a given system with a s ingle  small-scale t e s t .  It i s  therefore  necessary 
t o  make some evaluation of what is  the most important parameter i n  a given 
system which should be duplicated, and t o  sca le  t h e  model and environment 
accordingly. 
considered as a major design parameter, while i n  a radiat ion-shield design, 
with a t h i n  nonload-carrying structure,  thermal stress may be replaced 
by a c t u a l  surface temperature as a major design parameter. 

Generally, it i s  not possible  t o  simulate e n t i r e l y  

For example, i n  a heat-sink design, thermal stress may be 

I n  an 
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ablation-cooled design, t h e  effect iveness  of t h e  ablat ing material i n  
protecting a vehicle  from severe heating rates may be of prime importance. 
With these thoughts i n  mind, we s h a l l  now focus our a t t e n t i o n  on each of 
these  designs separately t o  determine whether t h e  suggested parameters 

method similar t o  t h a t  presented i n  t h i s  paper may be used t o  derive t h e  
s imi la r i ty  r e l a t i o n s  necessary for simulation. 

can be simulated. If other  parameters are considered more important, a ir 

H e a t  Sink 

B a l l i s t i c  vehicles.-  The simulation of thermal stress i n  t h e  heat-sink 
material of b a l l i s t i c  vehicles  has been examined thoroughly by Eggers i n  
reference 1. 

Lif t ing s a t e l l i t e . -  The general  conditions t o  be matched f o r  
simulation of thermal s t r e s s  i n  t h e  heat-sink material between model and 
fu l l - sca le  vehicle  are (from r e f .  1): 

and 

(i)m = (:)f 
. 

Re, = Ref 

where the subscr ipts  m and f ind ica te  model and f u l l  scale ,  respectively; 
A 
per  uni t  mass of heat-sink material;  and Re i s  t h e  Reynolds number. If 
we r e s t r i c t  ourselves t o  using t h e  same mater ia l  i n  the  model heat s ink  
as i n  the f u l l - s c a l e  vehicle  heat sink, equation (26) along with equa- 
t i o n  (27) reduces t o  the  following time condition: 

i s  the model t o  vehicle  sca le  fac tor ;  Q/m i s  t h e  t o t a l  heat absorbed 

I n  general, it i s  not possible  t o  s a t i s f y  both equations (27) and 
(28) simultaneously throughout t h e  e n t r y  t r a j e c t o r y  without a l t e r i n g  one 
or more of the  basic  vehicle  parameters i n  t h e  model. 

I 

I n  order t o  derive 

A 
3 
2 
3 
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s i m i l a r i t y  r e l a t i o n s  by which we may design models t h a t  w i l l  simulate 
thermal stress, we s h a l l  use the  following procedure. I n  figure 2, equa- 
t i o n  (28) w i l l  be matched at point (A) and equation (27) will be matched 
at point  (B)  of t h e  generalized heating h is tory .  Equations ( 2 7 )  and ( 2 8 )  
then take  on t h e  following form: 

tom = PtOf 

The matching of heating-rate h i s t o r i e s  according t o  equations ( 2 9 )  and ( 3 0 )  
completely determines t h e  vehic le  parameters of t h e  model. 
then, it i s  not possible  t o  match t h e  Reynolds number condition, but  
re laxing t h i s  condition s l i g h t l y  should not a f f e c t  simulation so  long as 
laminas flow e x i s t s  at t h e  s tagnat ion region. 

I n  general ,  

Consider first t h e  l o w  L/D g l ide r  u t i l i z i n g  a heat-sink design. 
By means of equations ( loa)  and (21) the m a x i m  heating rate is  obtained 
as : 

and equations (6) and (20a) y i e l d  t h e  l i f t i n g  satel l i te  t i m e  constant as: 

It can be seen from equation (31) t h a t  t he  only vehic le  parameter t h a t  
m a y  be var ied  i n  the  small-scale model i n  order t o  obtain t h e  higher 
heating r a t e s  d i c t a t ed  by equation (29) i s  This parameter i s  
independent of sca le  f a c t o r  but may be var ied  by chm-ging t h e  over -a l l  
densi ty  of t h e  model. However, examination of equation (32) shows t h a t  
t h e  time condition (eq.  ( 3 0 ) )  ca.n not be s a t i s f i e d  i n  any way. Thus we 
conclude t h a t  simulation of thermal-stress e f f e c t s  i n  l i f t i n g  s a t e l l i t e  
vehicles  i s  not possible  by simple scale-model t e s t s .  

m/Aa. 

Since it has been shown t h a t  t h e  heating-rate h i s t o r i e s  ase 
approximately t h e  same f o r  d i f f e ren t  vehicles when t h e  h i s t o r i e s  a re  
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matched at the  two aforementioned points,  it may be possible t o  der ive 
s imi la r i ty  r e l a t i o n s  between a l i f t i n g  vehic le  and a b a l l i s t i c  model. 
It would then be possible t o  simulate thermal-stress e f f e c t s  i n  l i f t i n g  
vehicles by use of an equivalent b a l l i s t i c  model. 

* 
Since most of t h e  heating experienced by a l i f t i n g  vehicle  occurs 

on t h e  high pressure region of t h e  lower surface,  an equivalent b a l l i s t i c  
configuration could be designed by replacing t h e  upper (low pressure) 
surface with a mirror i m a g e  of t h e  lower surface,  thus forming a sym.net,- 
r i c a l b o d y .  Sketch ( e )  shows a l i f t i n g  vehicle  configuration and t h e  
symmetrical b a l l i s t i c  model of t h i s  configuration. 

s 

Lift ing configuration Symmetrical configuration 

Sketch ( e )  

Matching t h e  maximum heating rate of t h e  small-scale b a l l i s t i c  
configuration t o  t h e  m a x i m u m  heating rate of t h e  g l i d e r  according t o  
equation (29) (squared f o r  convenience) y i e l d s  

Matching t h e  time condition according t o  equation (30) yie lds  

! 

Equations (33) and (34) r e l a t e  t h e  vehicle  and t r a j e c t o r y  parameters of 
a small-scale b a l l i s t i c  model t o  those of a f u l l - s c a l e  g l ider ,  each 
suffering approximately the  same thermal s t r e s s  during entry.  I 

Since t h e  b a l l i s t i c  model has two surfaces representing t h e  lower 
surface of t h e  l i f t i n g  vehicle,  we may wri te  t h e  following re la t ions :  



ab = AUlS J 
where g i s  t h e  r a t i o  of over-al l  model densi ty  t o  over-all  vehicle  
density.  Subst i tut ing equations (35) i n t o  equation (33) and solving 
equations (33) and (34) f o r  t h e  required densi ty  sca le  f a c t o r  f o r  
simulation y ie lds  : 

,The required model scale  f o r  t h e  b a l l i s t i c  model can be found from 
equation (34). 

The curve designated "Lift ing s a t e l l i t e "  i n  f igure  3 shows t h e  
densi ty  sca le  f a c t o r  g 
From equation (36) note t h a t  t h e  density s c a l e  f a c t o r  f o r  simulation i s  
independent of t h e  s i z e  sca le  f a c t o r .  The curve designated "Nonlifting 
s a t e l l i t e "  will be discussed later. 

as a function of t h e  b a l l i s t i c  entrance ve loc i ty .  

Figure 4 i s  a p l o t  of equation (37) showing t h e  sca le  f a c t o r  A as 
a funct ion of t h e  b a l l i s t i c  entrance veloci ty  f o r  a g l ide  vehicle  with 
L/D = 1.0. Various values of t h e  parameter Pbsin OE are shown. These 

values range from t h a t  f o r  t h e  Ames Atmosphere-Entry Simulator (0.15 f t - l )  
t o  a t y p i c a l  value f o r  atmosphere tes t ing  (4.5~lO'~ f t - l ) .  

b 

We have now enough information about t h e  sca le  f a c t o r  and over -a l l  
weight t o  design b a l l i s t i c  models which may be boosted and made t o  
re-enter  t h e  e a r t h ' s  atmosphere, or may be f i r e d  i n  an atmosphere-entry 
simulator. The thermal. stress i n  t h e  heat s h i e l d  of these b a l l i s t i c  
models w i l l  dupl icate  t h a t  of a l i f t i n g - s a t e l l i t e  heat sh ie ld  within t h e  
limits of t h e  approximations and assumptions made. 



16 

Nonlifting s a t e l l i t e . -  Consider now a nonl i f t ing-type s a t e l l i t e  
u t i l i z i n g  a heat s ink.  The necessary conditions f o r  simulation are again 
given by equations (29) and (30 ) .  

From equations ( loa)  and (23) t h e  maximum heating r a t e  i s  obtained 
as : 

and f r o m  equation (22a) t h e  time constant i s  obtained as: 

It can be seen from equations (38) and (39) t h a t  a change i n  t h e  densi ty  
of t h e  model w i l l  not s a t i s f y  both equations (29) and ( 3 0 ) .  
a small-scale model f ly ing  a nonl i f t ing  sa te l l i t e  t r a j e c t o r y  can not be 
made t o  s a t i s f y  t h e  conditions of simulation. 

Therefore 

As before,  l e t  us  now consider designing a b a l l i s t i c  model which 
w i l l  simulate the  thermal s t r e s s  e f f e c t s  on a non l i f t i ng  s a t e l l i t e .  
Matching t h e  maximum heating r a t e s  as before,  we obtain 

1-Aching t h e  t i m e  condition according t o  equation (30) y,lds 

3.116 3.210 

i Since the b a l l i s t i c  model and nonl i f t ing  s a t e l l i t e  a r e  s i m i l a r  i n  every 
respect except i n  over -a l l  densi ty  (however, heat -sink mater ia ls  must 
remain the  same), we may wri te :  
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where -q i s  t h e  r a t i o  of over-al l  model densi ty  t o  over-all vehicle 
density.  Subs t i tu t ing  equations (42)  i n t o  equation (40) and solving 
equations (40) and (41) f o r  t he  required densi ty  r a t i o  f o r  simulation 
y i e lds  

The required sca le  f a c t o r  f o r  t h e  b a l l i s t i c  model i s  determined from 
equation (41) . 

2 3.116 V s a t  JPns/ro 
3.210 V Pbsin @E 

A =-- 

Eb b 
(44) 

The sca le  f a c t o r  i s  thus seen t o  depend on t h e  entrance ve loc i ty .  

The curve designated “Nonlift ing s a t e l l i t e ”  i n  f igu re  3 i s  a p l o t  
as  a funct ion of of equation (43) showing the  densi ty  scale  f a c t o r  

t h e  b a l l i s t i c  entrance ve loc i ty .  
equation (36) f o r  l i f t i n g  s a t e l l i t e s .  

-q 
Note t h i s  curve i s  very similar t o  

Figure 5 shows t h e  sca le  f a c t o r  A as a funct ion of b a l l i s t i c  
entrance ve loc i ty .  The various values of t h e  parameter Pbsin @E range 

again from t h e  value f o r  t he  Ames Atmosphere-Entry Simulator (0.15 f t - l )  
t o  a t y p i c a l  value for atmosphere t e s t i n g  (4.5aOm5 f t - l ) .  

b 

Equations (43) and (44) now give us  s u f f i c i e n t  information so  t h a t  
b a l l i s t i c  models may be designed which may be used i n  e i t h e r  an atmosphere 
t e s t  or an en t ry  simulator t e s t  t o  simulate thermal s t r e s s  e f f e c t s  i n  t h e  
heat s inks of nonl i f t ing  s a t e l l i t e s .  
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Radiation Shield 

Generally, t h e  appl ica t ion  of t h e  rad ia t ion-sh ie ld  design i s  most 
su i t ab le  f o r  l i f t i n g  vehic les  because of t h e  r a t h e r  high peak rad ia t ion-  U 
equilibrium temperatures which would be experienced along other  t r a j e c -  
t o r i e s .  
l i f t i n g  s a t e l l i t e s .  

For t h i s  reason we s h a l l  consider only simulation conditions for 
1) 

Because of t h e  nature of t h e  rad ia t ion-sh ie ld  s t ruc tu re  ( i .e . ,  t h i n  
nonload cazrying) thermal stress may not be of c r i t i c a l  importance. 
more probable choice of t h e  c r i t i c a l  design parameter may be t h e  rad ia t ion-  
equilibrium temperature of t h e  surface.  
temperature h i s to ry  must be dupl icated as c lose ly  as possible .  

A 

If t h i s  i s  t h e  case, t h e  surface- 

Assuming t h a t  after equilibrium i s  reached, a l l  the  heat t r ans fe r r ed  
t o  t h e  vehicle  i s  rad ia ted  away, t h e  conditions f o r  simulation of surface 
temperature are then: 

(Qm = (:)f (45) 

where E i s  t he  surface emissivi ty .  

Again t h e  conditions of simulation w i l l  be matched at two poin ts  on 
t h e  heat ing-rate  h is tory .  
equation (4>)  w i l l  be matched at point  (B) i n  f i g u r e  2. 
conditions f o r  simulation become: 

Equation (46) will be matched at point  (A)  and 
Thus t h e  

I 

From equations (31) and (32) it can be seen t h a t  if t h e  model i s  exac t ly  
similar t o  t h e  fu l l - s ca l e  vehic le  and has t h e  same material i n  t h e  
rad ia t ion  sh ie ld  ( i . e . ,  Em = c f ) ,  then equations (47) and (48) axe 
automatically s a t i s f i e d  and simulation i s  possible  at any sca le .  

I 

A 
3 
2 
3 
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t 

L e t  u s  now inquire  as t o  t h e  poss ib i l i t y  of designing a b a l l i s t i c  
model t o  simulate radiation-equilibrium temperatures of t h e  g l ide r .  
Equations (2> )  and (31) may be used t o  wr i te  equation (47) as: 

and from equations (24a) and (32) ,  equation (48) becomes 

Solving equation ( 5 0 )  f o r  t he  b a l l i s t i c  entrance ve loc i ty  y i e lds  

(49) 

For t y p i c a l  values of t h e  parameter Pbsin f o r  both atmosphere-entry 
simulators and t h e  e a r t h ' s  atmosphere we obtain required b a l l i s t i c  entrance 
v e l o c i t i e s  which are much t o o  small t o  be p r a c t i c a l .  Thus simulation of 
l i f t i n g  s a t e l l i t e  radiation-equilibrium temperatures by b a l l i s t i c  models 
i s  not p r a c t i c a l .  

Ablation 

A n  important quant i ty  t o  be simulated i n  an ablation-cooled design 

I n  order t h a t  t h i s  
i s  t h e  e f fec t iveness  of t h e  ab la t ing  material. That is, t h e  amount of 
heat blockage per  un i t  weight of ablating material. 
effect iveness  may be duplicated,  t h e  mechanism of t h e  type of ab la t ion  
should be preserved i n  t h e  scal ing process. 

L e t  us consider some simple special  cases of ab la t ion  t o  ge t  some 
general  ideas  about t h e  mechanism and parameters involved i n  ablat ion.  
We w i l l  f i r s t  assume t h a t  t h e  surface has reached a steady-state condition. 
Radiation e f f e c t s  and e f f e c t s  from chemical reac t ions  w i l l  be neglected. 
This i s  indeed a s implif ied model, but it w i l l  g ive us  some ins igh t  as t o  
t h e  problems t h a t  face  us .  
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A heat balance at t h e  surface y ie lds :  

t 

4 

where 
t o  bring t h e  ablat ing material from some i n i t i a l  temperature 
fusion temperature TL and convert it t o  t h e  l i q u i d  state. The second 
term i s  the  heat required t o  bring t h e  l i q u i d  from t h e  fusion temperature 
t o  t h e  vaporization temperature Tv. The last term represents  t h e  heat 
required t o  vaporize pa r t  o r  a l l  of t h e  l i q u i d  and t o  br ing t h e  - vapor i n  
t h e  boundary layer  t o  some m e a n  boundary-layer temperature, T. The terms 
Lf and are t h e  l a t e n t  heats  of fus ion  and vaporization, respect ively.  
Since t h i s  i s  a s teady-state  process, t h e  t o t a l  m a s s  rate of ab la t ion  
must be equal t o  t h e  mass r a t e  converted t o  l i qu id ,  

q i s  t h e  heat ing-rate  input and t h e  f i r s t  term i s  t h e  heat required 
To t o  t h e  

mL = m 

It i s  possible t o  define an e f f e c t i v e  heat of ab la t ion  f o r  each 
material  a s  t h e  r a t i o  of t h e  heating r a t e  t o  a nonablating surface t o  t h e  
mass r a t e  of ab la t ion  per un i t  area, or t 

This parameter i s  t h e  c r i t i c a l  quant i ty  which must be simulated. 

No vaporization.-  L e t  us now 
U - consider a spec ia l  case of ab la t ion  

where only t h e  l i q u i d  phase i s  formed. 
Sketch (a )  shows a model of t h e  
boundary layer  f o r  t h i s  case. For 
t h e  case of no vaporization, equa- 
t i o n  ( 5 2 )  may be wr i t ten  as t h e  
following : 

Air 6 
t 

1 
Liquid film 

Sketch (a)  ( 5 3 )  
Note t h a t  a l i n e a r  temperature p r o f i l e  
i s  assumed i n  t h e  l i q u i d  f i l m .  

A 
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2 1  

The basic  assumptions which w i l l  be  made i n  t h e  ana lys i s  of t h i s  
model w i l l  be t h a t  6, << 6 and t h a t  u1 << u. With these  assumptions 
it can be shown t h a t  qs/q - 1. Equation ( 5 3 )  can now be wr i t t en  as 

C *p 

Q* = 2 + 3 AT, 
2 . 

where 

- c = c ~ ( T ~ -  T ~ )  + 

Let us now see i f  simulation of t h i s  type of ab la t ion  i s  possible  
i n  an atmosphere-entry simulator.  
same material and s h a l l  have t h e  same i n i t i a l  temperature as t h e  f u l l -  
sca le  vehicle .  Under these  conditions, we may write: 

The model s h a l l  be constructed of t h e  

The conditions which e x i s t  i n  an atmosphere-entry simulator are as 
follows : 

Applying Reynold's analogy t o  t h e  a i r  s ide of t h e  l i qu id -a i r  i n t e r f ace  
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where cf i s  t h e  sk in- f r ic t ion  coef f ic ien t ,  and from t h e  conditions 
given by equation ( 5 5 )  we obtain: 

- 
C f m  - C f f  

It follows t h a t  t h e  shear stress at t h e  in t e r f ace  

o r  

Under t h e  assumption of a very t h i n  l i q u i d  f i l m  we may write the  t h i n  
f i l m  conduction r e l a t i o n  

- AT, 
q = k -  

6 ,  

where E i s  t h e  mean conductivity of t h e  l i q u i d  f i lm.  It follows then, 
f o r  constant E, t h a t  

6,m ' AT,, qf ATlm 
(37) - -  - - -  - A -  

'lf k ATlf q m  ATlf 

Consider now the  m a s s  rate of ab la t ion .  By cont inui ty  it must be 
equal t o  t he  mass which runs off t he  rear of t he  vehicle .  Therefore we 1 

may write the  following r e l a t ion :  

- 
(fi/A)m - - [P~Gi(Ui/2)p],  Af - 

(;n/A)f [ P L ~ ~ ( U ~ / ~ ) P I ~  Am 
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2 
3 

where P may be thought of as a mean perimeter of the  vehicle .  U s i n g  
equations (56) and (57), we may wri te  equation (58) as: 

From the  de f in i t i on  of Q*, we obtain 

2 
3 Recall, however, from equation (54) tha t  

It then follows t h a t  
4 

For most l i qu ids  
therefore  it can be seen f r o m  equation (61) t h a t  f o r  
This, however, means, unfortunately, (from eq. (54))  t h a t  
o r  t h a t  not only i s  exact simulation not probable, but t h a t  t he  degree 
of simulation i s  unconservative i n  the  sense t h a t  measured mass loss  per 
un i t  area of t he  model i s  smaller than the  fu l l - s ca l e  value. 

pL i s  a monotonically decreasing funct ion of temperature; 
A < 1, ATlrn > AT,, . 

Qm*/&r* > 1, 

It i s  now proper t o  inquire  how unconservative we are.  This question 
presupposes some knowledge of mater ia l  propert ies .  Unfortunately, knowl- 
edge of t he  physical propert ies  of many of the  ablat ing mater ia ls  i s  
indeed lacking. However, a calculation of t h e  e f f ec t ive  heat of ablat ion 
f o r  a p a r t i c u l a r  material ,  f o r  which the necessary propert ies  a re  known, 
m y  indica te  the  order of magnitude of t he  e r r o r  i n  simulation. 

b' 

Pyrex g la s s  (Corning 7740 g la s s )  was chosen because of t he  
a v a i l a b i l i t y  of da ta  on i t s  high-temperature propert ies .  The following 
expression f o r  t h e  v i scos i ty  f i t s  the  published data  qui te  wel l  ( r e f .  7) .  
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pL = 2 . 0 g 2 ~ 1 0 - ~ e x p  

b The melting point w a s  taken as 
l i q u i d  w a s  taken as 0.33 Btu/lb OR, and t h e  constant 
Figure 6 shows, from t h e  solut ion of equation (61),  t h e  l i q u i d  f i l m  
temperature p o t e n t i a l  of t h e  model versus t h e  temperature p o t e n t i a l  of 
t h e  fu l l - sca le  vehicle  f o r  various values of t h e  scale  f a c t o r .  This graph 
shows t h a t  t h e  i n t e r f a c i a l  temperature difference f o r  t h e  model, ATlm, 
can become very m c h  l a r g e r  than t h e  corresponding difference f o r  t h e  
fu l l - sca le  vehicle,  ATlf, and hence from equation ( 5 7 )  t h e  i n a b i l i t y  of 
properly scal ing or compressing t h e  l i q u i d  f i l m  on t h e  small-scale 
vehicle. 
ure  6 have been used t o  ca lcu la te  t h e  r a t i o  of the  e f fec t ive  heat of 
ablation measured f o r  t h e  model t o  t h a t  of t h e  f u l l - s c a l e  vehicle .  The 
r e s u l t s  of t h i s  calculat ion axe shown i n  f i g u r e  7. Examination of f i g -  
ure  7 shows t h a t  i f  the  in te r face  temperature T1, of t h e  f u l l - s c a l e  
vehicle, i s  not too much higher than t h e  melting temperature 
l e s s  than 1000° R ) ,  the  measured 
with a scale  f a c t o r  of say 1/80 i s  less than 16 percent too  high. 
a l s o  shows t h a t  f o r  the  same conditions, a la rger  sca le  ( say  
rocket-launched tes t  vehicle  would simulate f u l l - s c a l e  e f fec t ive  heats  
of ablation t o  within 10 percent.  

TL = 3000' R. The s p e c i f i c  heat of t h e  
C as 750 Btu/lb. 
- 

. 

Equations (60) and (62) along with the  r e s u l t s  shown i n  f i g -  

TL ( say  

It 
Q* i n  an atmosphere-entry simulator 

A = 1/10) 

It should be noted t h a t  t h i s  analysis  w a s  f o r  ablat ion i n  which t h e  
l i q u i d  phase i s  present on both t h e  model and t h e  f u l l - s c a l e  vehicles .  
We have shown t h a t  t h e  in te r face  temperature of t h e  model can be much 
higher than t h a t  of the  f u l l - s c a l e  vehicle ,  so it i s  possible  t h a t  although 
t h e  ablation on the  f u l l - s c a l e  vehicle  cons is t s  of only melting, due t o  
t h e  high in te r face  temperature of t h e  model, t h e  ab la t ion  on t h e  model 
may be of the mixed form consis t ing of both gas and l iqu id .  
appl icabi l i ty  of t h i s  analysis  would then be i n  question. 

The 

Strong vaporization.-  Consideration has been given t o  t h e  case of 
ablation where only the  l i q u i d  phase i s  present.  Now consider t h e  other 
l imit ing case where a l l  t h e  melt i s  transformed i n t o  vapor or gaseous 
phase i n  t h e  boundary layer .  

Bethe and A d a s  ( r e f .  8) have t r e a t e d  t h e  case of ablat ion with 
vaporization and have derived, f o r  t h e  case of a high-viscosity l i q u i d  
with strong vaporization, t h e  following r e l a t i o n :  

Q* = hv+ hT + 0 . 6 8 @ * ~ ~ h ,  

where hv i s  t h e  l a t e n t  heat of vaporization, hT i s  t h e  heat capacity 
of the vapor, M i s  the  r a t i o  of molecular weights of a i r  t o  t h e  vapor, 

L 
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en t ry  

Li f t ing  

Nonlift ing 
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Simulation with - 
models models 

A rl 
Type of 
shield Boosted simulator 

Heat sink Yes Yes Eq- (37) Eq. (36) 

Ab l a t  i on Yes Yes Eq. (37) Eq- ( 3 6 )  
Heat sink Yes Yes Eq- (44) Eq. (43) 
Ablation Yes Yes Eq. (44)  Eq. (43) 

Radiation Yes No Any scale  v = l  

rl 

I 

i 

a 

and hs i s  t h e  stagnation enthalpy. It can be seen from t h i s  equation 
t h a t  
t i o n  enthalpy. Therefore i f  f l i g h t  v e l o c i t i e s  a r e  matched, as they  are 
i n  an atmosphere-entry simulator, it can be expected t h a t  measured e f fec-  
t i v e  hea ts  of ablat ion w i l l  be  t h e  same as w i l l  occur on a f u l l - s c a l e  
vehicle .  

Q* i s  e s s e n t i a l l y  a funct ion of only the  material and the  stagna- 

Since it has been shown t h a t  the e f fec t ive  heat of abl2tion can be 
simulated (or at l e a s t  approximately so) i n  an atmosphere-entry simulator 
under t h e  sane conditions as were used t o  simulate thermal stress i n  
b a l l i s t i c  vehicles ,  t h e  s i m i l a r i t y  re la t ions  f o r  l i f t i n g  and nonl i f t ing  
s a t e l l i t e s  w i l l  apply exactly.  However, t h e  addi t ional  r e s t r i c t i o n  must 
be imposed t h a t  t h e  entrance ve loc i ty  (hence enthalpy) be t h e  same as 
t h a t  of t h e  f u l l - s c a l e  vehicle .  This condition r e s t r i c t s  t h e  choice of 
model densi ty  sca le  f a c t o r  and model sca le  f a c t o r .  For models boosted 
i n  t h e  e a r t h ' s  atmosphere, some l a t i t u d e  remains i n  t h e  choice of scale  
f a c t o r  by changing t h e  b a l l i s t i c  entrance angle. 

Summary of Similar i ty  Relations 

I n  summary, t h e  following t a b l e  shows, f o r  t h e  types of e n t r i e s  
considered, what can be simulated by the techniques discussed i n  t h i s  
paper, and which equations govern the choice of model s ize  and weight. 

I n  order t o  i l l u s t r a t e  t h e  aforementioned methods of simulation 
with small-scale models, an example has been worked out below f o r  t h e  
case of a simple spherical ly  blunted half-cone configuration. The problem 
i s  t o  use t h e  s i m i l a r i t y  r e l a t i o n s  t o  design small-scale models which 
can be used t o  simulate t h e  heating e f fec ts  due t o  t h e  atmosphere e n t r y  
of t h i s  vehicle .  
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The example vehicle  i s  a h i g h - l i f t ,  high-drag g l id ing  configuration 
u t i l i z i n g  a heat-sink design. 
dimensions of such a vehicle .  Newtonian impact theory gives  a l i f t - d r a g  
r a t i o  of 0.87 at an angle of a t t ack  of 0'. 

assumed t h a t  t h e  vehic le  en te r s  t h e  atmosphere along an equilibrium-glide 
t r a j ec to ry  trimmed at zero angle of a t tack .  
t h e  assumed parameters of t h i s  vehicle .  

Figure 8 shows t h e  assumed f u l l - s c a l e  

The l i f t  coef f ic ien t  referenced 
t o  base a rea  i s  0.58. For t h e  purposes of t h i s  discussion it w i l l  be 6 

The following tab le  gives  
.I 

Area of t h e  base 39.3 sq f t  
Plan a rea  42.9 sq f t  
Forward surface area 118.3 sq f t  
Volume 111.2 cu f t  
Heat -sink weight 1250 l b  
I n t e r i o r  capsule weight 2750 l b  
Tota l  vehicle  weight 4000 l b  

It has been shown t h a t  simulation of heat-sink thermal s t r e s s  f o r  
t h i s  type of vehicle  i s  not possible  with a small-scale model of t h e  
vehicle .  However, simulation i s  possible  by t h e  use of a symmetrical 
b a l l i s t i c  model (shown i n  f i g .  8) and a proper b a l l i s t i c  t r a j e c t o r y .  
problem i s  t o  design t h e  model and t h e  t r a j e c t o r y  which i t  follows. 
w i l l  design two models f o r  t h i s  t e s t :  
e a r t h ' s  atmosphere, and ( 2 )  a model f o r  t e s t i n g  i n  an atmosphere-entry 
s imulator  with P s i n  B E  = 0.15 f t - l .  
of t h e  b a l l i s t i c  model will be 18,000 f e e t  per  second. 

The 
W e  

(1) a model f o r  t e s t i n g  i n  t h e  

I n  both cases t h e  entrance ve loc i ty  
4 

The proper sca le  f a c t o r  t o  be used i s  determined from equation (37).  
To t e s t  a model of t h i s  configuration i n  t h e  e a r t h ' s  atmosphere 
( P  = 1/22,000 f t - l )  assuming an entrance angle of 30' we obtain t h e  
required sca le  f a c t o r  of A = l/ll.7. 
atmosphere-entry simulator where fi s i n  B E  = 0.15 f t - l  i s  A = l/952. 

The sca le  f a c t o r  t o  be used i n  an 

I n  order t o  obtain t h e  higher heating rates and shor te r  times of 
f l i g h t  necessary f o r  simulation, we have seen t h a t  t h e  over-al l  dens i ty  
o f  t h e  model must be increased over t h a t  of t h e  f u l l - s c a l e  vehicle .  
Referring t o  f igu re  3 or equation ( 3 6 ) ,  we obtain a required model t o  
fu l l - sca le  dens i ty  r a t i o  of 7.2. The f u l l - s c a l e  over -a l l  densi ty  i s  
36 lb/f t3 ,  therefore  t h e  model must have an over -a l l  densi ty  of 259 l b / f t 3 .  
However, one must r e t a i n  t h e  same mater ia l  i n  t h e  heat s ink.  

All t h e  necessary parameters have now been determined. I n  conclusion L 
t h e  following t a b l e  l i s t s  these  design parameters f o r  t he  f u l l - s c a l e  
vehicle and t h e  t w o  models. 
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F u l l  scale  

A 
3 
2 
3 

Atmosphere t e s t  
model Simulator t e s t  model 

( P  s i n  @ E =  0.15 f t - l )  ( p  = 1/22,000 f t - l )  

half 
cone 

26’ Oo0 
f t / s e c  

Configuration 

Entrance ve loc i ty  

Blunted f u l l  cone Blunted f u l l  cone 

18,000 f t / s e c  18,000 f t / s e c  

--- 3 oo --- B a l l i s t i c  entrance 
angle 

Base diameter 

Over-all densi ty  

10 f t  10.2’3 i n .  0.125 i n .  

36 l b / f t 3  259 l b / f t 3  259 l b / f t 3  

CONCLUDING REMARKS 

It has been found through a motion and heating analysis  of various 
satel l i te  e n t r i e s  ( i . e . ,  l i f t i n g  and nonl i f t ing)  t h a t  i f  t h e  heating 
h i s t o r i e s  of these  vehicles  are made dimensionless properly, t h e  heating- 
r a t e  h i s t o r i e s  may be represented approximately by t h e  curve f o r  b a l l i s t i c  
e n t r i e s .  I n  t h i s  way it w a s  found tha t  one may relate t h e  heating e f f e c t s  
on one type of vehicle  t o  those occurring on another and, hence, simulate 
these  e f f e c t s  on a model f l y i n g  a d i f fe ren t  type of t r a j e c t o r y .  

I n  p a r t i c u l a r ,  it w a s  determined t h a t  simulation of thermal s t r e s s  
e f f e c t s  occurring i n  l i f t i n g  and nonl i f t ing s a t e l l i t e s  u t i l i z i n g  a heat-  
sink design w a s  impossible by simple small-scale t e s t s  along similar 
t r a j e c t o r i e s .  However, it w a s  a l s o  shown t h a t  simulation of thermal 
s t r e s s  e f f e c t s  i n  l i f t i n g  and nonl i f t ing satell i tes i s  possible by properly 
designing equivalent b a l l i s t i c  models and t e s t i n g  them along b a l l i s t i c  
t r a j e c t o r i e s .  For t h e  case of a l i f t i n g  s a t e l l i t e ,  t h e  b a l l i s t i c  model 
i s  designed by placing a mirror image of t h e  lower surface of t h e  l i f t i n g  
configuration on top. The concept of a l t e r i n g  heating rates and f l i g h t  
t i m e s  by increasing the  over-al l  density of t h e  model w a s  introduced and 
s i m i l a r i t y  r e l a t i o n s  governing the  design of t h e  model were derived. 

It has a l s o  been shown analyt ical ly  t h a t  it i s  possible t o  use an 
atmosphere-entry simulator designed primarily f o r  t h e  t e s t i n g  of b a l l i s t i c  
configurations t o  t e s t  l i f t i n g  and nonl i f t ing sa te l l i t e  configurations.  

Simulation of heating e f f e c t s  on radiat ion-shield design w a s  a l s o  
invest igated.  It w a s  determined t h a t  simulation of radiation-equilibrium 
surf ace temperatures i s  possible  b y  a simple scale-model t e s t .  B a l l i s t i c  
configurations could not be used because t h e  required entrance v e l o c i t y  
of t h e  b a l l i s t i c  model would be  t o o  low. 
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Analysis of two l imi t ing  cases of ab la t ion  shows t h a t  simulation of 
t h e  effective heats of ablat ion i n  an atmosphere-entry simulator i s  
s l i g h t l y  unconservative f o r  t h e  case of l i q u i d  ab la t ion  and is ,  within 
the  limits of t h e  assumptions made, near ly  exact f o r  t h e  case of ab la t ion  

those f o r  thermal stress simulation. 
with strong vaporization. The conditions of simulation a re  t h e  same as & 

Ames Research Center 
National Aeronautics &d Space Administration 

Moffett Field,  Calif ., Nov. 30,  1959 



APPENDIX A 

NOTATION 

A 

B 

C 

C '  
A 
3 
2 

CL 

cP 

D 
L 

f 

h 

K 

k 

k 
- 

L 

I' 

m 

m 

Nu 

Pr 

Q 

area, sq  f t  

empirical  constant ( see  eq. (B7)) 

empirical  constant, 1.54~lO-~ s l u g s l / 2 / f t  

vehicle  constant (see eq. ( loa)  ) 

constant s 

drag coef f ic ien t  

l i f t  coef f ic ien t  

coef f ic ien t  of f r i c t i o n  

spec i f ic  heat at constant pressure 

drag force,  lb 

transformed a l t i t u d e  coordinate (see eq. ( 4 ) )  

accelerat ion of gravi ty ,  f t /sec2 

enthalpy 

heat- t ransfer  coef f ic ien t ,  Btu/ft2 sec OR 

l i f t i n g  s a t e l l i t e  parameter (see eq. ( 6 ) )  

nonl i f t ing  satel l i te  parameter (see eq. (18) ) 

mean conductivity of l i q u i d  film, Btu/sec f t  OR 

lift force,  l b  

mass of vehicle,  slugs 

m a s s  rate of ablat ion,  slugs/sec 

Nusselt number 

Prandt l  number 

t o t a l  heat absorbed, Btu 



e f f e c t i v e  heat of ablation, Btu/lb 

heating r a t e ,  Btu/sec f t 2  

dimensionless heating r a t e  

l o c a l  radius  of curvature of f l i g h t  path 

radius  of t h e  ear th ,  f t  

temperature, OR 

time, see 

dimensionless time 

t r a j e c t o r y  time constant, sec 

vehicle  veloci ty ,  f t / s e c  

ve loc i ty  of b a l l i s t i c  vehicle  at edge of atmosphere, f t / s e c  

s a t e l l i t e  speed, f t / s e c  

a l t i t u d e ,  f t  

transformed v e l o c i t y  coordinate ( see  eq. ( 5 ) )  

constant, ft-’ (1/22,000 ft’l f o r  t h e  e a r t h ’ s  atmosphere) 

boundary-layer thickness,  f t  

surf ace emissivi ty  

model t o  vehicle  densi ty  r a t i o  (dens i ty  sca le  f a c t o r )  

angle of f l i g h t  path t o  horizontal ,  radians 

entrance angle of b a l l i s t i c  vehicle,  radians 

model t o  vehicle  scale  f a c t o r  

v i scos i ty ,  s lugs f t2/sec 

atmospheric density, s lugs / f t3  

reference densi ty  (0.0017 s lugs / f t3  f o r  t h e  e a r t h ’ s  atmosphere) 

nose radius,  f t  

range angle, radians 

c 

i 



Sub s c r i p t s  

A 

1 

b 

f 

L 

2s 

m 

ns 

S 

v 

l iqu id-a i r  in te r face  (ablat ion with no vaporization) 

b a l l i s t i c  vehicle  

f u l l  sca le  

l i q u i d  

l i f t i n g  s a t e l l i t e  vehicle  

model 

nonl i f t ing  s a t e l l i t e  vehicle  

stagnation 

vapor 

Superscript 

* point  of m a x i m u m  stagnation-point heating rate 
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AFPENDIX B 

TURBULENT HEATING RATES 

The heating r a t e  i s ,  i n  general, 

q = h(Tr - ~ w )  

where 

h heat -transf e r  coef f ic ien t  

Tr recovery temperature 

Tw wall temperature 

or  i n  terms of t h e  Nusselt number (neglecting t h e  w a l l  temperature) 

Nu k 
g - 7  T r  

where 

d charac te r i s t ic  dimension 

k air conductivity 

The recovery temperature i s  approximately (again neglecting t h e  w a l l  
temperature) given by 

Substi tuting equation (B3)  i n t o  equation (B2)  and introducing t h e  Frandtl  
number r e s u l t s  i n :  

The viscosi ty  at recovery temperature can 
- 

be approximated by 



5s 

A 
3 
2 
3 

and t h e  Nusselt number i s  given empirically by 

where C2,s,p a re  empirical  constants. Therefore, if we subs t i t u t e  
equations (B3) ,  (B5) ,  and ( B 6 )  i n t o  equation (B4) and assume a Prandtl 
number of un i ty  we obtain t h e  heating r a t e  i n  t h e  following form: 

g = BV3 (g 
where B i s  a constant.  Typical values f o r  p f o r  laminar and turbulen t  
flow are 0.5 and 0.8, respect ively.  

L 
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APPENDIX C 

SIMLJIATION OF HIGHLY ELLIPTIC, PARABOLIC, AND 

HYPERBOLIC ENTRIES 

Vehicle Motion and Heating 

It can be shown from reference 2 t h a t  t h e  t r a j e c t o r y  equation for 
atmosphere grazes from supercircular  o r b i t s  takes  t h e  form 

where b i s  a vehicle  parameter ( i . e . ,  funct ion of L/D, type of entry,  
e t c . ) .  

The same arguments advanced f o r  s a t e l l i t e  heating-rate h i s t o r i e s  
(see "Heating Analysis") can be used t o  wr i te  t h e  m a x i m u m  heating rate 
and vehicle t i m k  constant as: 

1 dz l:o F(z)eZ'2 
to = 

a b  

where z*  i s  determined from 

(gr + 3F* = 0 
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and z o  i s  such t h a t  

- 1  
qso - e qs* 

A 
3 
2 
3 

on t h e  high ve loc i ty  s ide  of m a x i m  heating. 

Model Motion and Heating 

W e  have seen t h a t  simulation of heating e f f e c t s  on ablation-cooled 
vehic les  i s  obtained i f  t h e  stagnation enthalpies  of t h e  t r a j e c t o r y  a re  
duplicated.  A convenient method of obtaining these  high enthalpies  i n  
an atmosphere-entry simulator i s  t o  couple a high model launching ve loc i ty  
with a high stream ve loc i ty  i n  t h e  simulator nozzle. The high stream 
ve loc i ty  i n  t h e  simulator nozzle (of  t he  order of 16,000 f t / s e c )  can be 
obtained by using a shock-heated high-pressure a i r  supply. 

The motion equation of a model f i r e d  upstream i n t o  a supersonic 
simulator nozzle i n  a s t a t iona ry  coordinate system along t h e  nozzle center  
l i n e  i s  then 

where 

-PY P = Poe 

and Vs i s  t h e  stream veloc i ty .  Using t h e  coordinate transforms defined 
by equations (4 )  and ( 5 )  and defining a new coordinate 
5 = ZE - z ,  y i e lds  

5 such t h a t  

where .4 = Vs/VE and where t h e  subscript  E r e f e r s  t o  t h e  model entrance 
conditions.  

To obtain some gross ideas  about t h e  simulation of superc i rcu las  
e n t r i e s  i n  such a device and t o  obtain convenient closed expressions f o r  
t h e  so lu t ion  of equation ( C 5 ) ,  t he  stream ve loc i ty  w i l l  be assumed constant 



along the nozzle. 
temperature down t h e  nozzle, t h e  stream ve loc i ty  does remain e s s e n t i a l l y  
constant even though t h e  Mach number increases .  
using the boundmy condition f = 0 at 5 = 0 ( z  = ZE), yie lds :  

As  a matter of f a c t ,  because of t h e  decrease i n  s t a t i c  

In tegra t ing  equation (C5), 
b 

The heating r a t e  t o  t h e  model i s  given by equation ( 9 )  a l t e r e d  t o  
include the  r e l a t i v e  ve loc i ty .  

Written i n  t h e  f - 5 coordinates, equation (C7) becomes 

where 

Using equations (C?), (~6), (cS), and (C10) we obtain t h e  m a x i m  heating 
rate as: 

Different ia t ing equation (~8) t o  determine t h e  f and 5 coordinates 
of t h e  maximum heating rate y ie lds :  
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In tegra t ing  equation (C4) f o r  t h e  t i m e  of f l i g h t  with t h e  boundary 
condition t h a t  t = 0 at = (* yields:  

The vehic le  time constant can then be wr i t ten  as: 

e""d5 

where 5 ,  i s  such t h a t  

. - 1 
qso - e %* 

occurs at t = -to on t h e  high ve loc i ty  side of maximum 
qSO 

where 
heating. 

S i m l a t  i o n  

Matching t h e  m a x i m u m  heating r a t e s  and t i m e  constants according t o  
t h e  sca l ing  equations (29) and (30 )  and defining t h e  densi ty  sca l e  
f a c t o r  such t h a t  

(.>, = 7 (+Jf 
. 

y ie lds  t h e  following s i m i l a r i t y  equations : 



It i s  now only necessary t o  evaluate t h e  funct ions P, Q, Io, and 11, 
for t h e  p a r t i c u l a r  en t ry  t o  be simulated and enough i n f o r m t i o n  i s  obtained 
t o  design t h e  s imulator  model properly.  

Parabolic Grazes 

Let us examine t h e  p a r t i c u l a r  case of en t ry  from a parabolic 
t r a j e c t o r y  with a subsequent atmospheric skip and energy loss ,  and e x i t  
at c i r cu la r  speed. Equation ( C l )  takes on t h e  form 

where 

and b takes  on t h e  values (depending on L/D) 

-0.5 0.334 
0 1.104 

03 3.936 

The functions Q and IIo are determined as: 

Q = 0.658 

11, = 3.287 
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Figures 9 and 10 show t h e  model design parameters, 71 ( t h e  densi ty  
sca le  f a c t o r )  and 
f o r  various stream v e l o c i t i e s  i n  a simulator nozzle with 'P = 0.60 f t - l .  
Figure 11 shows how wel l  t h e  heating-rate and enthalpy h i s t o r i e s  are 
matched if t h e  design conditions ase sa t i s f i ed .  

A ( t h e  sca le  f a c t o r ) ,  versus model entrance ve loc i ty  

Also shown i n  f igu re  11 axe t h e  heating-rate and enthalpy h i s t o r i e s  
f o r  t h e  model r e su l t i ng  from a more ref ined analysis  allowing f o r  t h e  
va r i a t ion  of stream ve loc i ty  down t h e  nozzle. The motion and heating were 
ca lcu la ted  by a step-by-step integrat ion of equation ( C 4 )  wi th  a stream 
ve loc i ty  va r i a t ion  as e x i s t s  i n  a nozzle with P = 0.60 ft'l. 
(CDA/m)po = 0.73 ft-' Notice t h a t  although simulation is  
not accurate on t h e  low ve loc i ty  s ide  of t h e  heating pulse, it i s  s t i l l  
possible  t o  match t h e  heating r a t e s  and enthalpies  adequately up t o  t h e  
m a x i m  heating point .  

A value of 
w a s  assumed. 

'This i s  t h e  ca l ibra ted  value for t he  Ames small-scale Atmosphere-Entry 
Simulator. 
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Figure 3.- Density sca le  f a c t o r  f o r  the simulation of thermal stress i n  
s a t e l l i t e  vehicles .  
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Figure 4.- Scale f a c t o r  f o r  t h e  simulation of thermal stress i n  l i f t i n g  
s a t e l l i t e s .  
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Figure 5.- Scale factor for t h e  s imla t ion  of thermal s t r e s s  i n  
nonlifting s a t e l l i t e s .  
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Figure 6. - Model i n t e r f a c i a l  temperature versus f u l l - s c a l e  i n t e r f a c i a l  
temperature. 
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Figure 9.- Density scale  f a c t o r  for the simulation of parabol ic  grazes 
(parabolic-entry simulator) . 
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Figure 11.- Model and vehicle  heating-rate and enthalpy h i s t o r i e s  for 
t h e  simulation of parabolic grazes (parabol ic-entry simulator) . 
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